Abstract: Polymers are widely used as replacements for machined metal components in engineering applications. To withstand extreme contact conditions, reinforcing materials are often introduced into polymers to improve their mechanical and wear properties. This paper investigates the applicability of basalt fibres as reinforcing materials to enhance the mechanical and wear properties of polyetheretherketone (PEEK). The weight percentage of short basalt fibres in PEEK composites was 0-10% based on the injection moulding method. The mechanical properties and tribological behaviours of the resulting composites were investigated. The results showed that the composites filled with basalt fibres exhibit significant improvements in strength, anti-indentation creep and hardness. Meanwhile, the friction coefficient and wear rate of the composites decreased obviously due to basalt fibres on the top of the worn surface bearing the dynamic load under sliding. The morphology of the worn surface indicates that fibre pull-out and fibre breakage both contribute to energy dissipation. However, the mechanical properties of the composites did not increase linearly with increasing fibre content because of the decreasing bonding force between the fibres and the matrix. These results are significant for the application of PEEK in engineering.
Introduction
Polyetheretherketone (PEEK) is a semi-crystalline thermoplastic polymer with high strength, corrosion resistance, high-temperature resistance, wear resistance and high plastic performance [1, 2] . PEEK is widely used as a replacement for machined metal components in the fields of aviation, aerospace, petrochemicals, mechanical manufacturing and biological materials [3] [4] [5] [6] . To withstand extreme contact conditions, engineering polymers with high performance for use in these fields have been investigated. Modifying an existing special engineering polymer by composite methods is an effective way to meet extreme contact requirements [7, 8] .
Fibres are ideal carriers due to their high strength and modulus. A good combination of fibres and a matrix has the advantages of both components and achieves the best structural design with excellent properties [9, 10] . The mechanical and wear properties of PEEK and its composites have been widely studied. Early research by X.X. Chu et al. [11] showed that the tensile strength, tensile modulus, flexural modulus and impact strength of glass fibre (GF)/PEEK prepared by injection moulding at cryogenic temperatures are higher than those at room temperature, and GF/PEEK has better ductility at room temperature than cryogenic temperatures. J.R.Vail et al. [8] found that the wear rate of expanded polytetrafluoroethylene (PTFE) filaments was 84% lower than conventional PTFE-PEEK composites and maintained a stable low coefficient below 0.125 for over 2 million cycles under test conditions. Mohit Sharma et al. [12] found that plasma-treated carbon fibres (CFs) could significantly improve the mechanical and wear properties of CF/PEEK composites, with a friction coefficient of 0.2 and a wear rate of 1×10 −15 m 3 /Nm exhibited high molecular weight polyethylene (UHMWPE)/graphene oxide(GO) decreased by 25% compared to UHMWPE under dry friction condition. The UHMWPE/GO composite presented better friction and wear properties with bovine serum albumin (BSA) lubrication than with deionized water and dry friction. Basalt fibre (BF) is a natural material with a melting temperature between 1500 ∘ C and 1700 ∘ C, and it is cheaper than glass and carbon fibre [14] . BF is a kind of environmentally friendly material with unique mechanical strength properties, high modulus of elasticity, excellent heat resistance, good chemical stability and superior wear resistance. In particularly, the adhesion and tensile strength of BF are higher than the glass fibres and comparable to carbon fibres. It proved the acid resistance of BF is greater than the one of glass fibres, and the alkali resistance is similar [15] . BF technology has been developed for creating excellent high-performance composites. Shoufan Cao et al. [16] investigated the mechanical and tribological behaviours of UHMWPE composites filled with 5-20 wt.% of BF. The max hardness, strength increased by 68%, 32%, respectively. The minimum indentation depth of UHMWPE composite was 60 of that of pure UHMWPE. The wear loss was only 0.01% of the wear loss of pure UHMWPE when the content of BFs was 20%. The study of S V Panin [17] showed that the strength properties of UHMWPE composites filled with basalt fibre content (0-20 wt.%) do not substantially change with increasing filler content, and the wear rate of the composites with a fibre content of 5 wt.% was three times smaller than that of the composite with a fibre 20 wt.%. Yatao Wang et al. [18] studied the effect of long basalt fibre content on the mechanical and tribological properties of polyoxymethylene (POM). The minimum friction coefficients and wear rates of POM composites decreased by 41.67% and 43.48%, respectively. Researchers have shown that the mechanical and wear properties of basalt fibrereinforced polymers depend on the content of basalt fibres, applied load and lubrication conditions [19, 20] . They suggested that fibre pull-out and breakage lead to energy dissipation via tensile fracture of the composites. Matrix binds fibres and transmits the compressional and shear forces to the fibres when the composite sliding against metal.
There are many studies on fibre-reinforced PEEK composites [21] [22] [23] . However, few studies have been performed on how basalt fibre content contributes to the mechanical and wear properties of PEEK polymers [24] . In this paper, PEEK/short cut basalt fibre (SBF) composites were made by injection moulding. The strength, anti-indentation creep and hardness of these composites were tested. In addition, the friction coefficient and wear rate of composites with different SBF contents were studied. Wear mechanisms involved in friction are discussed based on the worn surface morphology.
Experimental methods

Sample preparation
The PEEK powder used in the experiment, supplied by Victrex Plc, UK, is 1000 mesh. The parameters of the PEEK powder are shown in Table 1 . The average diameter of BF was 12 µm, and the length was approximately 2 mm. The mechanical properties of the basalt fibre are shown in Table 2. In this paper, the weight percentages of the SBFs were 0%, 2.5%, 5%, 7.5% and 10%. Injection moulding is the main method of producing short fibre-reinforced plastics due to its low cost and convenient operation. The samples used in this experiment were all injection moulded. Prior to injection moulding, the raw PEEK powder was dried under vacuum at 60 ∘ C for 12 h to ensure an extremely low amount of water in the powder. A film was formed on the surface of basalt fibre, which was treated with a silane coupling agent, and increased the roughness and mechanical strength of the basalt fibre [25, 26] . The film is helpful in improving the interfacial bonding between basalt fibres and organic polymers. Therefore, the BFs used in this experiment were treated with 0.75 wt.% KH550 saline coupling agent [27] . The PEEK powder and SBFs were mixed thoroughly through a high-speed mixing machine to ensure that the SBFs were distributed evenly in the matrix [28] . Then, a furnace was heated to a temperature of 360 ∘ C, and the mould cavity was heated to 300 ∘ C.
The mixture was placed into the furnace. The molten material was then injected into the mould cavity, and the temperature was maintained at 360 ∘ C. The packing time was 30 min.
Compression test
The wear resistance of the material is closely related to its compressive property. 
Ball indentation hardness test
The hardness of PEEK/SBF composites was obtained by ball indentation hardness testing. Taking ISO2093-73 as a reference, the experiment was performed on a UMT-II tribometer. A ZrO 2 ball with a diameter of 5 mm was selected as the indenter. The preload was 9.8 N, and the test load was 49 N. The ball indentation hardness of the composites is defined as follows:
where Pmax is the test load (N), D is the diameter of the ball indenter (mm), and hmax is the depth of impression (mm).
Indentation creep test
PEEK/SBF composite creep refers to its deformation under constant stress at a constant temperature. The gradual change in material deformation with time is a manifestation of the viscoelasticity of polymers and the relaxation process of materials under stress. The indentation creep properties of PEEK/SBF composites were tested on a UMT-II tribometer. The indenter is a ZrO 2 ball with a diameter of 5±0.05 mm. The test load was 49 N, and the pressure holding time was 3600 s. During the test, when the load reached 49 N, the indentation depth was set to 0, and then, the real-time change of the ceramic ball press depth with time was obtained by computer.
Tribological test
Tribological tests were performed using a block-on-ring and an M-2000 wear tester as shown in Figure 1 . The size of the block was 20×10×6 mm 3 , which was composed of PEEK and PEEK/SBF composite reinforced with SBF. The friction surface was sanded with 600, 800, 1000, 1500, and 2000 mesh sandpaper and finally ground to Ra = 0.3 µm. The counterface was an AISI-1045 ring with a diameter of 40 mm and a width of 10 mm. The roughness of the friction surface of the ring was equal to 0.8 µm. Prior to testing, all specimens were cleaned ultrasonically three times in alcohol baths and then dried in a vacuum drying box for 1 h. The applied load of the test was 200 N under dry friction conditions for 120 min. The rotation speed was 200 r/min [16, 29] . Three independent tests were performed repeatedly for each group of specimens. Figure 2 shows the ball indentation hardness of the PEEK/SBF composite with different basalt fibre contents. As expected, the ball indentation hardness of the PEEK/SBF composite increased with increasing content of basalt fibres. The ball hardness of pure PEEK is 58.15 MPa, and a small amount of SBFs added in PEEK, at 2.5 wt.%, can increase the hardness by 7%. When the content of SBF reached up to 5 wt.%, the increase in the ball indentation hardness of the PEEK/SBF composite was approximately 14.48%, which is 66.57. Compared to the hardness at 5 wt.%, the ball indentation hardness of the PEEK/SBF composite increased slightly when the content of SBF was 7.5 wt.% and 10 wt.%. The Stress-displacement curve of PEEK/SBF composites is shown in Figure 3 . There is a significant elastic deformation zone and yield point in the compression curve. As shown in Figure 4 , the compression test indicated that there was a significant yield point in the compression curve. The compressive strength of pure PEEK is the lowest, which was 133.66 MPa. The compressive strength of the PEEK/SBF composites increases dramatically. However, the compressive strength did not increase as the content of SBFs increased. The increase in strength is very close. With the content of SBFs increasing from 0 wt.% to 5 wt.%, the compressive strength of the PEEK/SBF composites increased. Compared with pure PEEK, the compressive strength of the PEEK/SBF composites increased by 18.7% with 2.5 wt.% SBF to 158.64 When the content of SBFs increased to 5 wt.%, the compressive strength of the PEEK/SBF composite reached 176.45 MPa, which was 32% larger than that of pure PEEK. Then, the compressive strength decreased slightly when the content of SBFs increased to 7.5 wt.% and 10 wt.%. 
Results
Effects of the BFs on the hardness and compressive strength
Effects of SBF on indentation creep
It can be seen from Figure 5 that the indentation depths of pure PEEK and PEEK/SBF composites increased sharply at the beginning of the indentation creep test, and then, the depth growth slowed down to a stable level. The indentation depth decreased with increasing SBF content from 0 wt.% to 7.5 wt.%. When the content of SBFs was 7.5 wt.%, the indentation depth of the PEEK/SBF composite was 0.008 mm, 80% smaller than that of pure PEEK (0.042 mm). When the content of SBFs increased to 10 wt.%, the indentation depth of the PEEK/SBF composite did not decrease further (0.0165 mm) and was equivalent to that of the PEEK/SBF composite with a content of 5 wt.% SBFs. The friction coefficients of the composites with different weight percentages of SBFs were similar. Compared to pure PEEK, the friction coefficient of composites filled with SBFs did not decrease significantly. Figure 7 (a) presents the variation in wear loss for PEEK and PEEK/SBF composites in the tribology test. As expected, a small amount of SBFs can reduce the wear loss sharply. The wear loss of pure PEEK was 3.61 mg. The wear loss of the composites filled with 2.5 wt.% and 5 wt.% SBFs decreased to 1.57 mg and 1.33 mg, respectively. The wear loss of PEEK filled with 7.5 wt.% SBFs was 66.7% lower than that of pure PEEK, which was 1.2 mg. For PEEK filled with 10 wt.% SBFs, the wear loss of the composite increased to 2.56 mg. The wear loss of PEEK/SBF composites did not decrease with increasing SBF content. 
Morphologies of worn surfaces
The worn surfaces were observed by scanning electron microscopy (SEM) at 400x magnification, to find evidence of different friction mechanisms. Figure 7 illustrates the worn surfaces of pure PEEK and PEEK/SBF composites with different contents of SBFs after the tribology test. There are obvious ploughing furrows on the worn surfaces of pure PEEK and the PEEK/SBF composites. There are marked differences in the worn surfaces of the different composites. The worn surface of pure PEEK is shown in Figure 8 (a). The position of visible furrows was observed in the slid-ing direction. Slight peeling on the worn surface can be found mainly at the edges of furrows. Particles, ranging from several microns to over ten microns, are attached to the worn surface. Figure 8(b) shows the worn surface of the PEEK/SBF composite filled with 2.5 wt.% SBFs. In addition to the furrows on the surface, there were some cavities caused by shed fibres. Very few fibre fractures were observed in the sliding direction. In addition, particles adhered to the worn surface. The worn surfaces of the PEEK/SBF composite filled with 5 wt.% SBFs are depicted in Figure 8 (c). It can be seen that there were more grooves due to shedding fibres and more fractured fibres on the worn surface. There were some large flakes peeling off of the worn surface. When the content of SBFs was increased to 7.5 wt.%, the number of larger grooves increased on the worn surface where fractured fibres were positioned in the sliding direction, as shown in Figure 8 (d). It can be seen from Figure 8 (e) that there are more grooves and fractured fibres on the worn surface of the PEEK/SBF composite with 10 wt.% SBFs than the other samples. In addition, there are more grooves relative to the composites mentioned above on the surface due to the shed fibres.
Discussion
It was found from the results that the hardness and compressive strength of PEEK/SBF composites increase compared with those of pure PEEK. The main reasons for the reinforcing effect are as follows: the strength and hardness of the SBFs were much higher than those of PEEK. The SBFs support the composites when they are compressed, and the load acts first and mainly on the SBFs. When a certain quantity of basalt fibres was added to the matrix, the hardness and compressive strength of the PEEK/ SBF composites increased significantly. However, the molecular continuity of the PEEK matrix was broken, and the microfractures increased when the content of SBF was high [17] . Therefore, the hardness and compressive strength may decrease as the content of SBF increases. The hardness of the PEEK composites increased to their greatest value when 7.5 wt.% SBFs was added, and the compressive strength of the PEEK composites when 5 wt.% SBFs was added was the greatest. The creep of PEEK material is a synergistic response of the materials to external forces under certain conditions. The short cut basalt fibres were distributed randomly in PEEK composites, hindering the sliding of the molecular chain when the matrix was filled with SBFs. As a result, the coordinated response of PEEK composites becomes difficult. The creep resistance of PEEK filled with SBFs increases. However, a high content of SBFs in the composite leads to porosity and cracks. The inadequate adhesion of the fibres with the resin matrix leads to insufficient stress transfer. Therefore, the creep resistance of composites does not increase linearly with increasing SBF content.
In terms of interface forces, in general, a strong interaction between interfaces facilitates the transfer of external loads between the fibres and the matrix. When the weight content of SBFs was low, the distance between the fibres and the matrix was greater, which was not conductive to the transfer of the load between the matrix and the fibres. An excessive quantity of fibres leads to an increase in the processing viscosity of the composite and local fibre aggregation. Research shows that the fibres are evenly distributed in the direction of flow of the composite material and that the fibres have a strong interface with the matrix. Therefore, the addition of basalt fibres to PEEK can improve its mechanical properties, and the mechanical properties of PEEK/SBF composites filled with 7.5 wt.% SBFs were superior to those of the other composites.
It is believed that ridges are formed on the surface of polymers and polymer composites during the running-in period. During the steady-state period, these ridges disappear, and wear debris covers the surface, leading to a low friction coefficient and steady-state friction values. The friction coefficient of PEEK/SBF composites is 50% lower than that of PEEK/GF and comparable to PEEK/CF composites. The lowest friction coefficient of PEEK/SBF filled with 5wt.% SBFs is lower than PEEK/CF composites [30, 31] . When PEEK sliding against the metal ring, a low friction coefficient was obtained due to the transfer film on the counterface. On the one hand, under dry friction conditions, the softening of the matrix of the PEEK/SBF composites due to its temperature increase reduced the strength and stiffness of the composites. At the same time, the softened part adheres between the two grinding surfaces, increasing the frictional resistance of the composite material and increasing the friction coefficient of the composite material. On the other hand, the friction contact area and the surface shear strength determine the coefficient of friction of the material. As the friction progresses, the frictional heat generated on the worn surface will melt the matrix and form a low-shear lubricating layer on the worn surface. Basalt fibres are gradually exposed on the wear surface. The fibres and matrix can interlock with each other on the wear surface to reinforce the transfer film, which significantly reduces the friction coefficient. Given the above, the friction coefficient of the composites is lower than that of pure PEEK. In general, the material, which has a high elastic modulus and high hardness, has good wear resistance. The hardness and the ability to resist deformation of the composite improves obviously due to the addition of SBFs. The basalt fibres in the composites can bear, transmit and distribute loads. Therefore, the contact area between the composite material and the ring decreases, and fibre reinforcers can reduce wear, such as ploughing and tears. Therefore, the wear loss of PEEK/ SBF was much lower than the PEEK/GF and PEEK/CF composites [30] . The wear loss of PEEK/ SBF increased slightly due to the strength and hardness increase when the weight content was 10%. It is consistent with the width and depth of the worn section.
It can be seen from the worn surface that there are different wear mechanisms involved in the friction progress based on the surface morphologies revealed in SEM micrographs. There is abrasive wear and a small amount of tearing on the surface of pure PEEK due to adhesive wear, as shown in Figure 9 (a). The asperities on the surface of the stainless-steel ring cut the surface of the PEEK, which leads to considerable furrows in the worn surface. For PEEK reinforced with SBFs, matrix wear and fibre thinning, cracking, and debonding are important mechanisms contributing to the tribological performance of the composite [32] . The matrix plays a role in dispersing and transmitting a load between fibres and increases the fibre carrying capacity along the fibre direction. Due to the interaction enhancement between the SBFs and matrix, the stress of the worn surface can be better transferred between the matrix and the SBFs. Its high modulus can reduce the shear effects of the matrix (Figure 9(b) ). Repeated compressiontension stresses at the fibre/matrix interface lead to fibre debonding phenomena [1, 32] . At the same time, fibre fracture occurs due to high compression stress at their rear edges [24, 33] . When the quantity of fibres was small, only a few fibres supported the matrix materials. Abrasive wear due to the asperities on the counterface and particles is still the main wear mechanism. Additionally, there are a few fractured fibres and a large number of furrows on the surface. As the content of SBFs increases, the fibres in the composites bear most of the load because the stress is concentrated on the top of the fibres. The stress concentration dissipates as the fibres break and shed. When the content of BFs increased to 10 wt.%, interlocking between the fibres and matrix decreased due to the decreasing bonding force. There are more fibres broken and pulled out due to the shearing action. Therefore, there are more grooves on the worn surface of the PEEK/ SBF composite with 10 wt.% SBFs compared to those of the other composites.
Conclusions
1. The mechanical properties, such as the hardness, compressive strength and creep resistance, improved when the composite was reinforced with SBFs. The maximum hardness and compressive strength of PEEK/SBF were obtained when the content of SBFs was 5 wt.%. In the creep test, the minimum indentation depth of PEEK/SBF composites when the content of SBFs was 7.5 wt.%. SBF reinforcement broadened the application area of PEEK as a structural material significantly. 2. A low friction coefficient is obtained due to the transfer film of a solid lubricant on the friction surface. The fibres and matrix can interlock with each other on the wear surface to reinforce the transfer film, which significantly reduces the friction coefficient. The friction coefficient of the composites filled with 5 wt.% SBFs is lowest. A certain amount of basalt fibre can further reduce the friction coefficient of PEEK. 3. During the sliding process, asperities on the surface of the stainless-steel ring cut the surface of the PEEK, which leads to considerable furrows on the worn surface of pure PEEK. There is a small amount of tearing on the surface of pure PEEK due to adhesive wear. When the quantity of fibres is small, a few fibres support the matrix materials. The main wear mechanisms change to fatigue wear in addition to abrasive wear when the polymer is filled with SBFs. The fibres in the composites mainly bear the load because the stress is concentrated on the top of the fibres. The stress concentration dissipates as the fibres break and shed due to shearing action. When the content of SBFs is too high, the bonding force between fibres and the matrix decreases and there are more fibres shedding. A PEEK composite with a certain content of SBFs possesses a low friction coefficient and excellent wear resistance.
The PEEK/SBF composites will have advanced engineering applications such as bolt gear, plate and special parts to overcome significant weight, corrosion, hard machining. Finally, the role of SBF in different conditions, such as lubrication, load, velocity, were not discussed in the present work, which will be investigated by future work.
